Peak-to-total (P/T) calibration
Introduction
Gamma ray spectrometry using Ge detectors is a widely used technique for the detection of low activity in environmental samples. Such measurements require typically close geometry arrangement with volumetric sources such as discs, cylindrical cups, or the Marinelli beakers. This close distance arrangement increases the chance of coincidence summing effects for complex decay-scheme nuclides (for e.g. radiocesium 134 Cs which is present in environmental samples as a result of accidental release during the nuclear weapon testing.) Corrections due to these effects are not generally easy to account for especially for volume sources. Thus, for added accuracy in gamma-ray spectroscopy, the corrections for the coincidence summing effects are highly desirable. Several algorithms and empirical equations have been developed in the literature to take into account these effects (Arnold & Sima, 2004; Blaauw & Gelsema, 2003; Dias, Koskinas, & Takeda, 2002; Tomarchio & Rizzo, 2011; Vidmar, Kanisch, & Vidmar, 2011) The peak-to-total ratio (P/ T) is an established method for coincidence summing effects corrections in the gamma-ray spectrometry field (ANSI, 1999) . However, the method is not used in routine measurements due to the elaborate work involved in its implementation, especially for close geometry measurements (Lee, Park, & Woo, 2008) .
In the present study, we used the peak-to-total (P/T) calibration method for evaluating corrections to the gamma ray spectra due to coincidence summing effects for HPGe spectrometer using 0.5 L Marinelli beaker. The coincidence summing corrections are calculated using the peak-to-total (P/T) calibration method which is performed using a set of point sources 109 Cd, 57 Co, 137 Cs,
54
Mn and 65
Zn. Subsequently, the corrections were applied for standard samples of the same geometry, as well as for the point sources 133 Ba and 60
Co. Validation of the coincidence summing corrections was also tested against a standard bulk sample.
2.
Materials and methods
Measurement of the gamma-ray spectra
The measurements of activities were made using a coaxial HPGe detector (which has been described elsewhere (Ababneh, Masa' Co line and a resolution of 1.9 keV at the same line (Canberra, USA). The system was initially calibrated for energy and efficiency using the Multi Gamma Ray standard MGS-5, (Canberra, USA) . The detector is shielded with 10 cm lead layer. Gamma-ray spectra of point sources were measured in order to calculate peak-to-total efficiency ratio. Zn were used. To perform the peak-to-total calibration the 0.5 L Marinelli beaker was divided into four regions (I, II, III and IV) ( Fig. 1) and nine (9) positions within the beaker were specified which map the four regions of the beaker. The volume of each region was calculated and the point sources were fixed at each position using a piece of sponge and polyester. The background spectrum for the beaker with the sponge and polyester was obtained and used later for background subtraction. The spectrum of each point source was measured at each of the nine (9) positions one at a time to obtain distinct energy peaks and the average peak-to-total ratio was calculated for each region by averaging over the different positions within that region. The counting time was adjusted to record at least 40000 counts for each full-energy peak in order to minimize the statistical counting error. The calibration was carried out for an empty beaker (air filled) as well as for beakers filled with soil or powder milk. The point sources used in the case of soil and milk were: 
The peak-to-total ratio and the l efficiency calculations
For a point source, the total efficiency ε t ðEÞ at gamma-ray energy E may be computed, provided the full peak efficiency ε p ðEÞ and the peak-to-total ratio (P/T) are known using (Martin, 2004) :
The peak-to-total ratio P T is defined as the ratio between the number of counts in the full-energy peak and the total number of events in the spectrum. For volume sources, <P T > are given by (Park and Jeon, 1994) :
ε p ðE; r; zÞ P T ðE; r; zÞ rdrdz Z ε p ðE; r; zÞ rdrdz
where ε p ðE; r; zÞ is the full-energy peak efficiency, P T ðE; r; zÞ is the peak-to-total ratio and ðr; zÞ are the position coordinates of the point sources. Since it is rather complicated to apply the above integration for the Marinelli beaker geometry, the J o u r n a l o f R a d i a t i o n R e s e a r c h a n d A p p l i e d S c i e n c e s 8 ( 2 0 1 5 ) 3 2 3 e3 2 7 integrals were calculated separately within the four regions as shown in Fig. 1 , i.e.; (assuming that parameters do not change significantly within a given region)
where V i is the volume for each region i. The Genie 2000 (Canberra, USA) has the ability of carrying out the coincidence summing corrections as long as that the peak-to-total calibration is performed. Once the (P/T) calibration curves are gained, the corrections can be computed after the geometry of the sample is defined and specified using the Geometry Composer Tool in the software. This tool allows the definition of all geometry-related parameters including dimensions of the sample, properties of the detector, distances/shielding between the detector and sample and densities. The software also calculates the true coincidence correction factor (COI) for the gamma ray of interest, which is given by (Canberra, 2004) 
where L A is the probability of summing out and S A is the probability of summing in.
3.
Results and discussion
Peak and total efficiencies
The calculated peak and total efficiencies for the point sources are shown in Fig. 2 as a function of the photon energy. The figure also shows the measured peak efficiency for comparison purposes. As can be seen from the figure, the peak efficiency reaches a maximum at about 122 keV and then decreases monotonically as the photon energy increases. The total efficiency shows similar energy dependence. Ba more gamma rays contribute to the coincidence summing. A comparison has been made for coincidence correction factors between this work and other studies (Table 2) . Schima and Hoppes (1983) used an analytical expression which is a good agreement with the measured data in the present work ( Table 2) . The values listed from the work of Dias et al. (2002) are measured on Monte Carlo calculations, and those reported by Arnold and Sima (2004) Zn. Also shown is the measured peak efficiency for comparison purposes. J o u r n a l o f R a d i a t i o n R e s e a r c h a n d A p p l i e d S c i e n c e s 8 ( 2 0 1 5 ) 3 2 3 e3 2 7
using HPGe detector with a 50% relative efficiency. As can be seen from Table 2 , the correction factors obtained in the present study are slightly higher than those obtained from other studies for the energy range less than 356 keV. For the higher energy range, the correction factors tend to be slightly lower than those reported by other studies (Table 2 ) (see Table 3 ).
3.2.
Peak-to-total ratio (P/T) vs. density Fig. 3 shows the average peak-to-total (P/T) ratio vs. the density of the beaker content. Three beaker contents were used: which are (and their densities in kg/L): air (~0), powder milk (0.54), and soil (0.93). Although the density values used are not sufficient to draw a definitive conclusion, the plots show a trend: with the average P/T decreases with increasing the density (Fig. 3) ; the decrease is more prominent for smaller energies (88 and 122 keV) than for higher energies 662 and 835 keV). Furthermore, the decrease in average P/T values with density follow a linear behavior with the slope decreases as the energy is increased (Fig. 3 and Table 3 ). This decrease in the P/T values could be attributed to self-absorption where increasing density leads to decreasing the total number of photons reaching the detector because of attenuation of the gamma radiation (Gilmore & Hemingway, 1995) .
Validation of the summing correction for environmental samples
The contamination of environmental samples with 137 Cs and 134 Cs (in addition to other radionuclides) has been a major concern for many researchers worldwide following the Chernobyl accident in1986. 134 Cs has a relatively complex decay scheme and true coincidence summing is almost unavoidable since it is almost necessary to use close geometry measurement setup, often in Marinelli beakers, due to the low radioactivity of environmental samples (Gilmore & Hemingway, 1995) . The reference soil sample IAEA-375, which contains
134
Cs was used to validate the coincidence summing correction performed in the present work. The validation of the correction method was checked for the 604.70 keV spectral line of 134 Cs. The activity concentration measured without coincidence summing correction was deviated À8.4% from the mean expected value (1.3227 ± 0.168814 vs. 1.44322 Bq/kg). After the coincidence summing correction procedure was applied, the deviation decreased to 3.3% (1.4912 ± 0.190337 vs. 1.44322 Bq/kg). Thus, the coincidence correction factor was 0.887 ± 0.041.
Conclusions
The present study was performed to correct the coincidence summing effects for the 0.5 L Marinelli-beaker geometry used in HPGe gamma ray spectrometry by using the peak-to-total (P/T) calibration method and the Genie 2000 software. Afterwards, these corrections were used for the determination of the activity concentrations in standard samples. The resultant average values of the peak-to-total ratio were found to reaches a maximum at about 122 keV and then decreases monotonically in the energy region above 122 keV. This was consistent with what is reported in the literature and is consistent with the behavior of germanium detectors. The total efficiency shows similar energy dependence approximately. Also, the coincidence correction factors for 133 Ba and 60 Co were measured using point sources. These factors were found to be: in the range of 0.901e1.025 for 133 Ba and in the range of 0.910e0.913 for 60 Co. These values were in good agreement with various other experimental and computational studies. The effect of the sample composite on the peak-to-total ratio P/T was investigated using beakers filled Fig. 3 e Plots of the average peak-to-total ratios in the 0.5 L Marinelli beaker filled with air, powder milk and soil. Densities are (in kg/L):~0 for air, 0.54 for powder milk and 0.93 for soil.
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